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ABSTRACT

The question of the effect of model scale on launch vehicle dynamic

measurements is one which invariably arises in connection with the applica-

tion of measured unsteady pressures on wind-tunnel models. The scaling of

unsteady pressure measurements is discussed in this paper which presents

comparisons of results of pressure-fluctuation measurements on both wind-

tunnel models and on full-scale Ranger 5 and Mercury vehicles. In addition,
results of tests using different sized models are shown in order to cover

some of the different types of local flow associated with buffeting. The

effects of scale on the root-mean-square fluctuations of pressure, the

longitudinal correlation of the fluctuations, and on the power spectral

densities are shown for selected transonic Mach numbers where the fluctua-

tions are most severe. _ _/__
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INTRODUCTION

t

The unsteady aerodynamic loads on launch vehicles at transonic speeds

have recently received considerable attention. These unsteady loads result

from pressure fluctuations that occur within regions of shock_aves or

regions of separated flow or both, Escape rocket systems, blunt noses to

insure abort stability, bulbous payloads which are larger than their booster

rockets, and numerous protuberances all lead to this troublesome flow

unsteadiness which can cause buffeting.

Several_rlnd-tunnel investigations (refs. 1 to 6) have beenundertaken

at Ames and Langley Research Centers and at Arnold Engineering Development

Center to measure pressure fluctuations on both specific configurations and

also on a var_ody shapes to determine effects of profile variations.

When any of these p_tu_atin_me_urements are used for estimation
of vehicle dynamic response, questions invariably arise as to the proper

method of scalin_ the data to full scale. For example, are the concepts of

a constant Strouhal number and scaling by application of the commonly used

reduced frequency parameter, _d/V, appropriate for random nonperiodic buffet

pressures. For lack of any verifying information the above concepts have

been employed in references 6 and 7- Two recent investigations (refs. 8

and 9) have devoted some attention to the problem of scaling unsteady pres-

sures. The latter (ref. 9), which contains data for _size

by_-ratio of 5 to l, tends to substantiate the validity of the reduced fre-

quency parameter for scaling.* The ultimate test of scaling buffet pressures,

however, comes with the direct comparison between _iud-tunnelmodel data and

full-scale data obtained during the launching of a vehicle.

The measurement of differential pressure fluctuations at two Agena

stations during the Ranger 5 launch and of pressure fluctuations on the Mercury-

Atlas adapter during launch of the MA-4, MA-5, MA-7, and MA-8 provided a good

opportunity to make such comparisons. As a result, tests of a 7-percent scale

Mercury model and a 10-percent scale Ranger model were included in an investi-

gation of scale effects using different sized models which _as in progress at

Ames Research Center. The tests were conducted at transonic Mach numbers _-ith

*Results from this investigation appear in the paper by Hanson and Jones

of Langley presented at an earlier session of this Symposium.
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pressure transducers located at the same stations as the full-scale flight

instrumentation. It is primarily the results of these comparative tests

that are contained herein. Additional data from the general research pro-

gram are included to illustrate the effects of scale for different types

of unsteady flow.

i
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d

Omax

f

M

Pt

%

V

X

ep

L_Cp(RMS)

AP(RMS)

body reference diameter

maxi_nmbody diameter

frequency, cps

free-streamMach number

stagnation pressure

free-stream dynamic pressure

free-stream velocity

distance along body axis from nose

angle of attack

power^spectral density of fluctuating pressure coefficient,

AC:-_ per cps

power spectral density of fluctuating pressure, _ per cps

frequency, radians per second

coefficient of the root-mean-square fluctuation of pressure about
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A

MODELS

The models tested to investigate scaling effects (fig. i) were a

7-percent scale Mercury-Atlas, a 10-percent scale Ranger, and three sizes

each of models 8 and 13a.* For the Mercury-Atlas and Ranger models the

Atlas cylindrical bodies were neither scaled in length nor did they include

any protuberances. Key longitudinal stations are indicated in the figure to

aid in visualizing the placement of the pressure transducers relative to the

body profiles. The reference diameters used for scaling the results are
also shown.

All the models were sting mounted except the 26-inch-diameter model 13a

which was tested as a half model mounted on the 14-foot transonic wind tunnel

wall to minimize the effects of blockage. All the models were tested in the

14-foot wind tunnel except the Mercury-Atlas which was tested in the ll-foot

transonic wind tunnel and the 6.31-inch-diameter model 8 which was tested in

the 6- by 6-foot wind tunnel.

The pressure transducer stations that match the locations on the full-

scale vehicles are marked with an x in figure 1. The differential pressure

fluctuations were measured on the Ranger by t_king the electrical difference

between the outputs from the transducers mounted opposite each other. Flush-

mounted 1/4-inch-diameter strain-gage-type transducers were used on all the

models.

A photograph of the Mercury model in the ll- by ll-foot wind tunnel is

shown in figure 2. An arrow indicates the relative location of the trans-

ducer with respect to the bulges on the ring clamp between the spacecraft and

adapter section. The transducer station behind one of the bulges at approxi-

mately mid-length of the adapter is that at which flight data were obtained.
I

EFFECTS OF SCALE

When dynamic data associated with motion effects are measured on models,

it is accepted that the geometric similarit_ of the flow cannot be maintained

unless the reduced frequencies for model and full scale are the same. Although

there has been doubt whether the reduced frequency parameter is applicable to

random unsteadyaerodynamicmeasurements, simple dimensional analyses by

Liepm_nn (ref. lO) of the variable parameters involved indicate that the dimen-

sionless reduced frequency parameter can be used to scale pressure-fluctuation
measurements:

_dz wd2

Vl V2

• I *The model numbers were assigned to the series of launch vehicle payload

shapes tested at Ames Research Center.
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it follows that in order to compare RMS measurements from model to full scale

or from one model size to another, the range of frequencies included in the

RMS measurements must be scaled in proportion to the reference dimensions.

i

Comparisons of Mercury Results

A comparison of power spectra of the pressure fluctuations measured on

the Mercury-Atlas adapter is shown in figure 3. The wind-tunnel data are for

a fixed Mach number of 1.O while the flight data were obtained for a range of

Mach numbers near 1.* The comparison is based on reduced frequency. (The

V/2xd in the ordinate scale converts the power spectra from _ per cps

to _ per unit of reduced frequency.) It can be seen from these results

that the 7-percent model data, which have been scaled by a factor of about

14.3, fit reasonably wellwithin the limits of the spread of flight measure-

ments. To illustrate the extent of frequency scaling the limit of the

7-percent model data is at approximately 5,200 cps while the full-scale data

for the same reduced frequency is approximately 365 cps.

A curve is also shown from reference 6. While this curve appears h_gher

than the others, the difference between it and MA-4 levels is less than the

spread from MA-4 to MA-5. This spread of a factor of about 4 on a mean-square

scale (factor of 2 on aRMS scale) serves to indicate the limits of accuracy,

within the current state of the art, that might be expected when predicting

pressure fluctuations from model measurements. One obvious factor that

influences the accuracy of flight data is the fact that flight-time histories

are not stationary.

Since the RMS level of amplitude is the most common measurement applied

to pressure fluctuations, it is appropriate to examine the effects of scaling

on these measurements. The flight-time histories of the RMS pressure fluctua-

tions on the Mercury-Atlas adapter are shown in figure 4. Points from the

7-percent scale model extend over a range of Mach numbers from 0.8 to 1.2.

Since there were differences between model qo and full-scale qo, the model

results have been adjusted to full scale. As noted, the band-pass frequency

range of the flight data extends up to 500 cps. The scaled frequency range of

*The full-scale data were obtained from unpublished results which have

been compiled by Mr. James Ancell of Aerospace Corporation.
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the model should extend to about 7,200 cps, but unfortunately the upper
frequency limit of the tape recording of data was or!y 6,000 cps. Even
though the band-pass range was less than the properly scaled range, these
7-percent model data still generally are close to the MA-5 data. The point
indicated by an x showsan estimated level for the range of frequencies
extrapolated to 7,200 cps from the power sp.ectrumin figure 3- As can be
seen, the agreementbetween the 7-percent model data and the average flight
data is improved. Points are also shownin figure 4 which were obtained for
a band-pass filter range from 8 to 500 cps which is about the samerange as
for the full-scale data• The difference between the comparisons of model
results and flight data for the two filter ranges further substantiates the
validity of frequency scaling.

Comparisonsof Ranger 5 Results

The power spectra of differential pressure fluctuations on the Agena
with the Ranger 5 payload are shownin figure 5.* These results, which were
scaled by a factor of about lO_ generally agree more closely than did the
Mercury data, and consequently add more support to the validity of scaling
by the reduced frequency parameter. It should be noted that the frequency
range of the measurementsof fluctuations on the Agenawas very low compared
to the range available on the Mercury. This fact maypartly account for the
better comparisons between the Agenameasurements.

Tim_ histories of the RMBlevels of the differential pressure fluctuations
are shownin figure 6. As with the Mercury data, the range of band-pass filter-
Lug of the signal going into the RMSmeter was scaled inversely as the model
scale. For the Agenathe range was from 8 to 1,000 cps for the model and from
0.8 to lO0 cps for full scale• With these band-pass frequencies precisely
scaled, the maxinmmintensities were reasonably well predicted as was the
variation with time for station 259. At station 249the flight-time history
indicates an earlier buildup of intensity and also a dip near 47 seconds that
was not followed by the wind-tunnel data which were taken at fixed Machnumbers.
Onemight speculate that these differences between wind-tunnel and flight data
could well be within the limits of accuracy that can be expected considering
the unknowneffects of Reynolds numberand also other problems associated with
obtaining accurate dynamic measurements.

*The flight power spectra and a magnetic tape of the differential pressure
fluctuations were obtained from LockheedMissiles and SpaceComparny. The
flight data will appear in a forthcoming report by William Henricks, Flight
Test Report for Ranger Vehicle 6005, SS/626/5351, LMBC/A384258.
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Effects of Scale on Model 8

The separated flow on the Mercury adapter and on the Agena both produced

relatively flat power spectral densities. Previous experience with model 8

for other investigations has shown that the spectral densities vary in shape

from a predominately low-frequency spectrum near the maxin_m diameter shoulder

to a flat spectrum as the distance from this shoulder is increased. For this

reason model 8 was originally selected for the investigation of scale effects

so that more than one spectrum shape could be covered.

Figure 7 shows the longitudinal distribution of pressure fluctuations

on model 8 for three different model sizes. As was done previously the band-

pass frequencies for the RMS readings were scaled inversely as the model diam-

eter starting from an upper limit of 2,000 cps on the 6.31-inch-diameter model.

Once again it appears that satisfactory agreement was obtained, further sub-

stantiating the use of the reduced frequency for scaling. This substantiation

by use of the EMS levels is only valid, however, where the power spectral

levels are high enough in the frequency range being scaled to effect the RMS.

For model 8 the power spectra indicate higher energy levels at the higher fre-

quencies at stations aft of X/Dma x = 1.4.

As previously mentioned, near the shoulder on model 8 the pressure

fluctuations are concentrated at the lower frequencies. An example of scaled

power spectra from a station within this region is shown in figure 8. The

results appear to scale well including the peaks at _d/V = 0.78 , which, as

a result of the satisfactory scaling, can be concluded to be a peak caused by

an aerodynamic frequency rather than a model motion. It is also interesting

to note that the results were obtained in different wind tunnels. The

6.31-inch model was tested in the 6- by 6-foot tunnel and the other two

models were tested in the 14-foot wind tunnel.

Effects of Scale on Model 13a

All the previous data shown lead to the conclusion that pressure-

fluctuation measurements should be scaled by application of the reduced

frequency parameter. These data have been from regions of separated flow,

and the spectra have been smooth curves except for the peaks which scaled

on model 8. In contrast to the previous smooth spectra, figure 9 shows an

example of power spectra of fluctuations in the region of the shock wave

on model 13a. These results have not been scaled. It can be noted that

several peaks coincide on the two smaller models which were sting mounted,

and that a smoother spectrum without such predominant peaks was measured on
the 26-inch-diameter half model which was mounted on the tunnel wall. The

fact that the peaks tend to coincide when the model supports are similar

and change when the support is changed indicates that the shock-wave motion

is influenced by model motions. The peak near 190 cps also coincides with

a stream disturbance in the 14-foot wind tunnel (see ref. i) thus indicating

an influence of stream fluctuations as well. Since it would be expected that

the full-scale fluctuations would also be influenced by vehicle motions and

stream fluctuations, the details of spectra of this type certainly could not
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be scaled. It appears, at present, that for design purposes the best approach

would be to construct a smooth power spectrum having a slope like the over-all

slope of the measured curve and an area under the curve equal to the measured

mean-square amplitude. There is some justification for this approach since as

shown in reference 1 a model in different wind tunnels with different support

properties produced the same RMS measurements even though in one case a large

peak predominated. In other words, it appears that the energy available from

the shock wave to produce fluctuations is unchanged, but that the frequency

distribution can be influenced.

Effect of Total Pressure Variations

The power spectra of the presm_re fluctuations have been put in coeffi-

cient form by dividing the spectra measurements by qo2. While generally

this has been assumed to be a correct approach, nevertheless, some measure-

ments were made on model 8 to check the effect of varying qo by testing at

different total pressures. Figure l0 shows an example of power-spectrum

measurements of differential pressure fluctuations obtained in the ll- by

ll-foot transonic wind tunnel at total pressures of from 15 to 60 inches of

mercury. As can be seen there was little effect of total pressure.

Correlation of Pressure Fluctuations

4 _

In order for wind-tunnel measurements of pressure fluctuations to be of

value it is necessary that the spatial correlation of the fluctuations on the

model be the same as on the full-scale vehicle. There has been insufficient

time to obtain cross spectral densities of any of the scaling data before

this symposium; however, a quick look at the over-all correlation was obtained

from correlation coefficient measurements as shown in figure ll. As with the

RMB values previously presented, the band-pass frequency range of the signals

to the analyzer was scaled inversely as the model diameters. While there are

not many points available for comparison, those shown indicate the same corre-
lation coefficients for a difference in model size near a factor of 4. Other

correlation coefficient measurements with resPect to different stations show

essentially the same agreement for the same two _odels.

Attempts were also made to perform a correlation coefficient analysis

between the two stations tested on the Ranger. Average coefficients obtained

from the flight data over the periods of time from 43 to 46 seconds after

launch and from 45 to 50 seconds agree reasonably well with the lO-percent

scale model data at fixed Mach numbers of 0.79 and 0.90, respectively. The

corresponding measurements were as follows:

Full scale, 43-46 sec

10-percent model, M = 0.79

Full scale, 40-45 sec

10-percent model, M = 0.90

correlation coefficient = 0.155

correlation coefficient = 0.130
correlation coefficient = 0.180

correlation coefficient = 0.21



t

CONCLUDING

On the basis of this investigation and results presented herein, it

appears that pressure-fluctuationmeasurements on models in regions of

separated flow should be scaled to full scale by application of the reduced

frequency parameter. Scaling by a factor of 14.3 on the Mercury model and

by a factor of l0 on the Ranger 5 model gave good agreement with flight
results.

In the region of the shock wave, model measurements can be influenced

by motions of the model and also by disturbances in the stream. As a result,

less accuracy can be expected. It will probably be necessary to estimate

power spectral densities from the measured RMS level and a generalized spectrum
shape.

Correlation coefficient measurements indicate the same coefficients for

different sized models of model 8. Reasonable agreement was also obtained

between the lO-percent model of the Ranger 5 and full scale; however, cross
spectral densities are required before definite conclusions can be drawn

regarding possible effects of scale on the spatial correlation of pressure
fluctuations.

i

I

72



lo

.

.

So

o

_CES

Coe, Charles F. : Steady and Fluctuating Pressures at Transonic Speeas

on Two Space-Vehicle Payload Shapes. NASA TM X-503, .1961.

Coe, Charles F. : The Effects of Some Variations in Launch-Vehicle Nose

Shape on Stead_ and Fluctuating Pressures at Transonic Speeds. NASA
TM X-646, 1962.

Coe, Charles F., and Nute, James B. : Stead y and Fluctuatin_ Pressures
at Transonic Speeds on Hammerhead Launch Vehicles. NASA TM X-778,
1962.

Coe, Charles F., and Kaskey, Arthur J.: The Effects of Nose Bluntness

on the Pressure Fluctuations Measured on 15° and 20° Cone-Cylinders
_t Transonic Speeds. NASA TMX-779, 1963.

Austin, R. F., and Prunty, C. C.: Investi6ation of Buffet Phenomena on
a 0.24-Scale Model of the Forward Portion of the Titan B Missile With

the Mank 4 and Mark 6 Re-EntryBodies. AEDC-TN-61-78, Sept. 1961.

I

i

o

.

.

o

10.

Goldberg, Arthur P., and Adams, Richard H. : Mercury-Atlas Buffeting

Loads at Transonic and Low Supersonic Speeds. STL/TR-60-OOOO-AS431,
Nov. 28, 1960.

Goldberg, A. P., and Wood, J. D. : Dynamic Loads in the Atlas-Able 5
D_ing Transonic Buffetin6. STL/TM-60-O000-19075, Aug. 22, 1960.

Chevalier, H. L., and Roberts,n, J. E.: Unsteady Pressures and Scale

Effects on Models of the Titan B Mark 4 Re-EntryBody at Transonia
Speeds. AEDC-TDR-62-178, Nov. 1962.

Jones, George W., Jr., and Foughner, Jerome T., Jr.: Investigation of

Buffet Pressures on Models of Large Manned Launch Vehicle Configura-
tions. NASA TN D-1633, 1963.

Liepmann, H. W.: Parameters for Use in Buffeting Flight Tests.

Rep. No. SM-14631, Douglas Aircraft Co., Inc., Jan. 3, 1953.

73



P

ll,I

o
_f mm _°I_-_

<[

cF

o r_ ol

_ m _ O _-:I _
_,v) -- Oj . a)l
< I i rF,

a _ m Ol_M_m_-x O --" :'ol

n,-i

=o

Q;

°-I_'_

J

74

0

r_
m

(1)

0

cO

0

it')

I1,..

O_

C

0

rr

0

3

0

4J

©

0

g_
o

113
4j

o,-I

4-_

m

(1)

I

(1)

b.O
.H

t



. 

. 

r" 
f 



I

O
i

I

O

O

I

O
i

11

b_

o

O

o

_I> o°
o
.H
4m

4-)
[]

O
-- (D

O

q]

O

I

or]

b_
°,-I

76



q t_

I

oooo

\ //
• / ii i

I I I I

!sd '($1AI_I)dV

0

0

4_
P4

0

,-I

I

rq

ca(1)

0

o o_
m 4-_

¢d]

",'q

qa

E-_

I

o _4
_)

-H

0
I

??



i

i
I

II II

I¢}
I
O

00

7o

!
O

GO

D

q

C>

4-_

©

v

P_

o_

©

o

o

o

c_

o

,--t

or.-I

gt

or--I

o

_3

4._

(1)

©

!

(1)

hi?
.r--I

78



q

,q

• 4

o
t >1°

!
0
!

N.

q

0

r--t

"_1>_ _°

,.Q bB
v

79



I I

,sd '(SW_) d_7

I 0
O n

8O

Lr'X

(3.)

C_
P_

-,-I

©

4o

0

[.Q

o

4o
a_

o

r-t

r-t

@

q_

o

-r_

0
40

.r-I

"r-I
E-_

I

,.d

._



• 8

ii

O 0

0') o
II I!

K" (,,0 C_

_._.

oon

i I J

-. o. o.

rj

0

o

r_

/ -'

' 1
o

i

0

K

0

H
%

©

@
@

co

r.q
@

a

o

(1)
,--4

o
m

%
©

rH

r-_

!

b_
oft

_ 8I



x

I
0

GO

OJ

q
_J

OJ

QO

0

I
0

o

o
.H

o

q-_
o

c_

.._
o

r_

,h

0

I

(1)

b.O
,r-I

J



q

IHllllll!I lJi| t r"ii

III11111t
IIitilltlii I t _ i
IIIIilllllilil IIIIII1tlt ; ;

----_r
co (z) co
II II II

_LIJJ
iiiiiiii"
l,lIIilq iii
IIIHII] III
llllilllIII
IIIIIIIIii!
I_IIIIIIIII
,i_Hill ill
iiiiiiill

Iii

• ] .

!1 I!i lit
..... !1i

i

..... ill

...... 11t
...... ill
..... Ill

III
iiiii iii

illilll "'"
IHm, !!i
Iif111! _::
IWtill :::
IIIIIit ,rl
It11111 _11

IIIIIII Ill
IIIIIII III

i
i i

i
: i

imil_

i i
I ;

i,
, !

0 (I:)!_(_ It) _" I_
0

Q.iO

0

44"" . I_
::.:::::::

!!!!!!!!!!
_llll;:::;

!'-!!!!:! !!_ 0
Ilillllll GII
ill I I I I I I !

iill_l'l I i

Iflllillll
Id!!l!llll

_0

::::::::::

;::::::::: 0

::;::::::: 0

!!!!!!!i!!
!!!!!!!!!!
IIIII[IIII
ll!illl]ll

Hi;;i:;ii

iiiiiiiiii

ii!!!!!!!!
iiiilll.lII
::::::::::

iiiiiiiiii

ii_iiiiiii
::::::::::

::;:::::::

::::::::::

!!!!!!!_!!
::::::::::

iiiiiiiiii
!!!!!!!!!!

!!!!!!!!!!
'.!!!!!l! ! !
_:!!!!:!!!

!!!!!!!!!!
IIIIIIIIII

!!!!!!!!!!
IIIIIIIIII
t111111111
IIIIIIIIII
IIIIIIIIII 0

0 _Ol_tOlO '_r

0
0

0

o
o

U_

o

0

g_

m g_
_, 4-_

_=." p_

g_

o
P_

I

&

t_

83



•,_4 ¸

163

-4
I0

,6

-6
I0

-7
I0

T_

ii

L I

!i
I

+

i

÷

7
+

8O0 40 120 160 200 240 280

f , cps

Figure i0.- Effect of total pressure on power spectra of differential

pressure fluctuations on model 8.

84



e

0

4-_

t/l

0
"r-t
4-_

4-_

!

i1)

(1)

o _

°_

_1 o
r-t
©

o
cI

,-1

,'d

4__
o_1

2

I

,---t

_0
._

85


